Summary When conifers such as Picea abies Karst. (Norway spruce) are attacked by insects or pathogens, they often respond by producing increased quantities of terpenoid oleoresin. This response can be mimicked in young P. abies seedlings by treatment with methyl jasmonate (MJ). In this study, we determined the effects of MJ on terpenoids and other chemical defenses of mature P. abies, and investigated whether this treatment protected trees against attack by the blue-stain fungus Ceratocystis polonica (Siem.) C. Moreau, the most important fungal associate of the spruce bark beetle Ips typographus L. Methyl jasmonate treatment induced the formation of traumatic resin ducts in the developing xylem, enhanced resin flow and stimulated increased accumulation of monoterpenes, sesquiterpenes and diterpene resin acids. However, only minor changes were detected in terpene composition in response to MJ treatment and no changes in soluble phenolic concentration were measured. There was much variability in the timing and degree of response to MJ among clones. The observed chemical and anatomical changes in response to MJ treatment were correlated with increased resistance to C. polonica, suggesting that terpenoid oleoresin may function in defense against this pathogen.
Introduction
Norway spruce (Picea abies Karst.), one of the most important forest tree species in Europe (Koski et al. 1997) , is often attacked by stem-invading pests, such as the spruce bark beetle Ips typographus L. Bark beetles are the single most destructive pests of conifer forests worldwide (Berryman 1972 ) and the initial penetration of the host is nearly always accompanied by inoculation with phytopathogenic fungi vectored by the beetles (Paine et al. 1997) . The most virulent fungal pathogen associated with I. typographus is the blue-stain fungus Ceratocystis polonica (Siem.) C. Moreau (Horntvedt et al. 1983, Krokene and Solheim 1998) . This fungus is a major cause of tree death because of its ability to invade the vascular system.
To defend themselves against insect and pathogen attack, conifers have evolved elaborate constitutive and inducible defense mechanisms (Phillips and Croteau 1999, Franceschi et al. 2005) . The constitutive defenses include the secretion of oleoresin (a complex mixture of monoterpenes, sesquiterpenes and diterpenoid acids) from preformed resin reservoirs, as well as lignified cells and calcium oxalate crystals, all of which may create formidable physical and chemical barriers to attack (Wainhouse et al. 1990 , Hudgins et al. 2003b , Franceschi et al. 2005 . Inducible defenses that are activated following an initial attack include the formation of a wound reaction zone (Berryman 1972) , formation of traumatic resin ducts (Nagy et al. 2000 , Martin et al. 2002 , Krokene et al. 2003 , Luchi et al. 2005 , enhanced resin flow (Lombardero et al. 2000 , Franceschi et al. 2002 , Luchi et al. 2005 ) and terpene production (Martin et al. 2002) , swelling and proliferation of polyphenolic parenchyma cells (PP cells) in the bark , Krokene et al. 2003 and changes in phenolic concentration (Brignolas et al. 1995a , 1995b , Evensen et al. 2000 , Viiri et al. 2001 , Lieutier et al. 2003 .
Resin flow and traumatic resin duct formation in conifers are induced not only by bark beetle attack, but also by abiotic factors (Kytö et al. 1996 , Nagy et al. 2000 , McKay et al. 2003 . Traumatic ducts differ in size among different species (Hudgins et al. 2003a ) and are usually formed in tangential layers close to preformed radial rays (Hudgins et al. 2003a ). Both the location and time of development of traumatic ducts are distinctly different from the axial resin ducts that are formed in the phloem towards the end of the growing season (Nagy et al. 2000 , Martin et al. 2002 . Traumatic duct formation after bark beetle attack may coincide with the emergence of beetle larvae from their eggs, thereby inundating established brood galleries with toxic and immobilizing resin constituents (Alfaro 1995) . In contrast to our detailed knowledge of the structure and occurrence of traumatic ducts, there is little information on the molecular mechanisms leading to their formation. However, there is evidence that jasmonic acid and ethylene are involved in triggering this response and other induced defenses in conifers (Martin et al. 2002 , Hudgins and Franceschi 2004 .
Jasmonates are lipophilic, linolenic-acid-derived plant hormones (Creelman and Mullet 1997 , Liechti and Farmer 2002 , Turner et al. 2002 with roles in metabolic regulation (Ozawa et al. 2000 , Van der Fits and Memelink 2000) , semiochemical communication (Birkett et al. 2000) and defense in many plants (Beale and Ward 1998, Thaler 1999) . Methyl jasmonate (MJ) is known to increase terpene concentrations in conifers when applied to saplings (Martin et al. 2002 and cell suspension cultures (Yukimune et al. 1996 , Ketchum et al. 1999 , as well as to increase resistance of P. abies seedlings to the root pathogen Pythium ultimum (Kozlowski et al. 1999) . However, it is unknown whether MJ can increase resistance to stem pathogens, although there is some suggestive preliminary evidence (Franceschi et al. 2002) . In addition, no detailed information is available on the effect of MJ on the terpene concentration of mature trees and the effects of this compound on other potential defenses, such as phenolic compounds, remain uninvestigated.
The phenolic compounds found in Norway spruce are thought to work together with the terpene oleoresin to provide a defensive barrier after the bark surface is breached (Woodward and Pearce 1988) and attempts have been made to use them as a predictor of resistance (Brignolas et al. 1995a , Lieutier et al. 2003 . The main constitutive phenolics present in the bark and wood of Picea species are stilbene glycosides, including astringin (3, 3′, 4′, 5-tetrahydroxystilbene 3-O-β-D-glucoside) and isorhapontin (3, 4′, 5-trihydroxy-3′-methoxystilbene 3-O-β-D-glucoside) (Toscano-Underwood and Pearce 1991a , Lindberg et al. 1992 , Evensen et al. 2000 . Changes in phenolic composition and in the concentration of stilbene aglycones in response to injury or fungal infection are considered to be an active defense response (Lindberg et al. 1992 , Brignolas et al. 1995a , 1995b , Evensen et al. 2000 , Viiri et al. 2001 , and both annual and spatial variations are common (Lindberg et al. 1992) . Trees with high phenolic biosynthetic capacity and high phenolic diversity are hypothesized to be more resistant than trees with low biosynthetic capacity producing only one type of phenolic compound (Lieutier et al. 2003) .
We examined the effects of MJ on the terpenoid and phenolic defense responses of mature Norway spruce trees in the field. In addition, we assessed the effect of this treatment on resistance to the blue-stain fungus, C. polonica.
Materials and methods

Methyl jasmonate treatment and sampling
On May [30] [31] 2001 , five trees from each of six clones were selected from a plantation of 40-year-old Norway spruce clones at Hogsmark, Ås, SE Norway (diameter at 1.3 m above ground: 18.3 ± 2.1 cm; height: 18.4 ± 1.8 m (mean ± SD)). Clones 75, 76 and 80 were half-sibs, whereas the other clones (63, 85 and 126) were unrelated. One tree per clone was randomly assigned to each of four MJ treatments: 5, 25, 50 and 100 mM MJ in water with 0.1% Tween 20, or to a control with water and 0.1% Tween 20. Tween 20 helps to solubilize MJ in water and acts as a surfactant to help spread the solution evenly over the hydrophobic bark surface. The solutions were applied with a paint roller to the surface of a 1.2 m high section of the stem from about 1.0 to 2.2 m above ground. The bark was kept wet for at least 5 min by repeated application and care was taken to prevent the liquid from running farther down the stem. During the two application days, maximum air temperatures of 10.3 and 19.9°C, respectively, were recorded at Ås Meteorological Station, located about 5 km away from the experimental stand.
Four weeks after application of MJ (June 27-28), all trees were mass-inoculated with C. polonica (400 inoculations m -2 , on average 276 inoculations per tree) to assess tree resistance. Mass inoculations, evenly spaced over the MJ-treated stem area, were made by removing a bark plug to the xylem with a 5-mm cork borer, inserting inoculum into the wound and returning the plug to its original position. The inoculum consisted of actively growing mycelium of C. polonica (isolate no. NISK 93-208/115) cultured on malt agar (2% malt and 1.5% agar).
Samples of bark and sapwood for chemical analyses were taken from the control and MJ-treated trees on three occasions: (1) immediately before treatment with MJ or Tween 20 control; (2) immediately before fungal mass-inoculation; and (3) at felling of the trees, 15 weeks after mass inoculation. On the first occasion, three samples (20 × 20 mm), including bark, cambium and outer annual rings of sapwood, were taken 10 cm apart vertically and horizontally, with the lowermost sample 40-50 cm above the upper edge of the stem section that was treated with MJ. On the second occasion, three samples were taken in a similar way, but inside the treated stem area. On the last occasion, one sample was taken within and another 50 cm above the treated area. Material for anatomical analysis (12 mm width × 15 mm height, including bark, cambium and outer annual rings of sapwood) was collected on the second occasion only. Two samples were taken on opposite sides of the stem inside the treated area. In late July, the stems of all trees were inspected for resin on the surface of the treated stem area. Resin flow from inoculation points was visually assessed on a scale from 0 (no flow) to 5 (abundant flow from almost all points). Photographs of the inoculated stem sections were taken to document their status. At felling, tree height was measured and two thin stem discs (5-10 mm) were cut 0.4 m inside the lower and upper edge of the inoculated stem section on each tree.
In a separate single-clone experiment, nine trees from Clone 123 (a half-sib to Clone 126 that was used in 2001) were selected from the Hogsmark plantation on June 24, 2002. Three randomly selected trees of Clone 123 were pretreated with 100 mM MJ in 0.1% Tween, three with Tween control and three with 50 C. polonica inoculations m -2 . Samples of bark and sapwood were taken for anatomical and biochemical analyses at the time of pretreatment and on Days 8 and 35 following the pretreatments.
Measurements of fungal growth, cambium necrosis and anatomy
To quantify fungal colonization of host tissues, the proportion of the sapwood that had been blue-stained by the fungus and the proportion of dead cambium circumference were measured on the two stem discs that were removed from each tree, as described in Krokene and Solheim (1998) . To quantify anatomically based defense reactions, samples containing bark and sapwood were prepared as described by Krokene et al. (2003) and examined by light microscopy. Briefly, samples were placed directly into fixative in the forest, then taken to the laboratory where they were rinsed with buffer, dehydrated in a graded series of ethanol and embedded in L.R. White acrylic resin (TAAB Laboratories, Aldermason, Berkshire, U.K.). Cross sections (1 µm thick) were cut with a diamond knife, dried onto gelatin-coated slides, stained with Stevenel's blue (Del Cerro et al. 1980 ) and mounted with immersion oil. Digital images were recorded at magnifications of 10× (phloem) and 4× (xylem) with a Leica DC300 CCD camera mounted on a Leitz Aristoplan photomicroscope and analyzed with image analysis software (ImagePro Plus, v.3.0, Media Cybernetics Inc., Leiden, Netherlands) . Within the xylem, we measured the percent coverage of the cross-sectional area of traumatic resin ducts (including the epithelial cells lining the ducts) across 1.1 mm in the tangential direction on each section. Within the phloem, we measured polyphenolic parenchyma cells (PP cells) in three annual rings of PP cells (1, 6 and 11 years old) in selected clones that responded strongly to MJ treatment (Clones 76, 80 and 85). Cross-sectional areas of PP cells and the phenolic bodies inside these cells were determined as proportions relative to the total image area.
Extraction of resin terpenes
Terpene extractions were based on the procedures of Martin et al. (2002) . All steps were carried out in 2-ml glass vials with teflon-coated screw caps (Hewlett-Packard, Palo Alto, CA). Sample pieces (200 mg) were submerged into 1.5 ml of tertbutyl methyl ether containing 150 µg ml -1 isobutylbenzene and 200 µg ml -1 dichlorodehydroabietic acid as internal standards and extracted over 14 h with constant shaking at room temperature. To purify the extracted terpenes from other organic acids, the ethereal extract was transferred to a clean vial and washed with 0.3 ml of 0.1 M (NH 4 ) 2 CO 3 (pH 8.0). The extract was then divided into two equal portions. For the analysis of diterpene resin acids, one aliquot was methylated by adding 50 µl of 0.2 M N-trimethylsulfonium hydroxide in methanol (Macherey-Nagel GmbH, Germany) to 0.4 ml of the washed etheral extract in a separate vial. After incubation at room temperature for 2 h, the solvent was evaporated under nitrogen to leave 100 µl of sample which was stored at -20°C until analyzed by gas chromatography-mass spectrometry (GC-MS). For the analysis of monoterpenes and sesquiterpenes, the remainder of the original sample was prepared for GC-MS analysis by filtering through a Pasteur pipette column filled with 0.3 g of silica gel (Sigma 60 Å) overlaid with 0.2 g of anhydrous MgSO 4 . The column was washed with 1 ml of diethyl ether and the combined eluant collected in a clean vial, evaporated to an approximate volume of 100 µl and then stored at -20 °C until analyzed by GC-MS.
Analysis of monoterpenes, sesquiterpenes and diterpenes
Monoterpenes and sesquiterpenes were analyzed by GC-MS with a Hewlett-Packard 6890 GC-MSD system fitted with a DB-WAX column (0.25 mm × 0.25 µm × 30 m; J&W Scientific, Folsom, CA). Split injections (1 µl ethereal extract) were made at a ratio of 1:5 with an injector temperature of 220°C. The instrument was programmed to hold an initial temperature of 40°C for 3 min and then to increase at a rate of 3°C min -1 to 80°C. The temperature was then increased at a rate of 5°C min -1 to 180°C with a 5 min hold, followed by a final ramp of 15°C min -1 to 240°C. Helium was used as the carrier gas at a constant flow of 1 ml min -1 . For the identification of compounds, the MS detector was operated with a mass range of 40 -350 for monoterpenes and sesquiterpenes and a range of 40 -550 for diterpenes, and spectra were collected under standard conditions (electron impact ionization at 70 eV). Identification of terpenes was based on comparison of retention times and mass spectra with authentic standards or to mass spectra in the Wiley or National Institute of Standards and Technology libraries.
Analysis of diterpene constituents was performed on the same GC-MS instrument fitted with an HP-5 column (0.25 mm × 0.25 µm × 30 m; Hewlett-Packard). Injections were made with 1 µl of the concentrated, derivatized ethereal extract. The GC-MS split ratios were 1:10 with an injector temperature of 220°C. The instrument was programmed for an initial temperature of 120°C and then increased at a rate of 1°C min -1 to 150°C, followed by 5°C min -1 to 280°C (6 min hold). Helium was used as the carrier gas at a constant flow of 1 ml min -1 . The GC-MS generated peaks were quantified with the Hewlett-Packard Chemstation software. Isobutylbenzene was used as the internal standard for quantification of both monoterpenes and sesquiterpenes, and methylated dichlorodehydroabietate was employed as an internal standard to calculate diterpene concentrations. For quantitative analysis of monoterpenes and sesquiterpenes, the MS detector was operated in the single ion mode monitoring ions at 91, 93 and 161 m/z, corresponding to the internal standard, monoterpenes and sesquiterpenes, respectively. (Quantitation of the sesquiterpenes β-caryophyllene and α-humulene also relied on the 93 m/z ion). For verification, the [M + ] ions of the internal standard, monoterpenes and sesquiterpenes (corresponding to 134, 136, and 204 m/z, respectively) were also monitored. For diterpene quantification, the following selected ions were monitored: 121 m/z (methyl sandaracopimarate), 135 m/z (methyl abietate), 239 m/z (methyl dehydroabietate), 241 m/z (methyl pimarate and levopimarate) and 307 m/z (methyl dichlorodehydroabietate). The following ions were monitored for verification during diterpene analysis: 314 m/z (methyl dehydroabietate), 316 m/z (methyl pimarate, sandaracopimarate, levopimarate and abietate) and 382 m/z (methyl dichloroabietate). The total monoterpene, sesquiterpene, or diterpene resin acid concentration was calculated as the sum of the individually quantified compounds.
The enatiomeric ratios of the major monoterpene hydrocarbons were determined by chromatography on an FSHydrodex, Heptakis (2,3,6-tri-O-methyl)-β-cyclodextrin/OV-1701 capillary column (30 m, 0.25 mm ID, 0.25 µm film thickness; Macherey-Nagel GmbH, Germany). The instrument was programmed for an initial temperature of 45°C (10 min hold) and a ramp of 1°C min -1 to 80°C, followed by a second ramp at 5°C min -1 until 160°C was reached (5 min hold). Identification of enantiomers was performed by comparison of GC retention times with those of enantiomerically pure standards purchased from Sigma.
Extraction and identification of phenolic compounds
Phenolic constituents were extracted by a modification of the procedure of Laitinen et al. (2002) . The plant material was weighed (100 mg) and extracted with 2.5 ml of methanol (100%) using an Ultra-Turrax homogenizer for 30 s, after which the samples were left for 15 min on ice. The samples were then centrifuged (16,000 g, 3 min) and decanted. The remaining pellet was extracted three more times by homogenization for 30 s, placed on ice for 2 min and then centrifuged. The combined supernatants were vacuum-evaporated to dryness, redissolved in 1 ml of 100% methanol and transferred to a clean vial for analysis. After evaporation to dryness in nitrogen, the extracts were stored at -20 °C.
Quantitative analysis of phenolics of wood and bark samples was carried out by high performance liquid chromatography (HPLC) in a Hewlett-Packard system fitted with a quaternary pump (HP 1050), an autosampler (HP 1100), a photodiode array detector (HP 1100), HP ChemStation Software and a 3 µm Hypersil OSD column (60 × 4.56 mm ID; Phenomenex, Lyna). The mobile phases were 0.2% trifluoroacetic acid (A) and acetonitrile (B). The samples were redissolved in 0.4 ml of 50% methanol and separated according to the following gradient: 10 to 50% B (30 min), 50 to 100% B (2 min) and followed by a return to initial conditions over 7 min. The flow rate was 0.8 ml min -1 and the injection volume was 10 µl. Spectra were recorded from 230 to 400 nm (range step = 2.00 nm) with a threshold of 1.00 mAU and the quantification was done at 230 nm. Compounds were identified based on comparisons of retention times and spectral characteristics with authentic standards purchased from Extrasynthèse (Genay, France: apigenin and apigenin 7-O-glucoside), Polyphenol AS (Sandnes, Norway: piceatannol and piceid), Sigma (St. Louis, MO: catechin hydrate and taxifolin) and Valiant Pharmaceuticals International (Costa Mesa, CA: kaempferol and resveratrol). Analytes were quantified based on calibration curves prepared with authentic standards and response factors were based on quercetin (Roth, Karlsruhe, Germany). In all wood samples, an unidentified compound was found with a molecular mass of 714 whose UV spectrum and HPLC retention time suggested a polar phenolic compound. Its abundance was unaffected by the MJ treatment.
Statistical analyses
Data on fungal growth, cambium necrosis and anatomy were subjected to ANOVA, using the general linear models (GLM) procedure of the SAS software package (SAS Institute, Cary, NC). If treatments were significantly different (P < 0.05), means were separated by LSD at P = 0.05. Proportional data were arcsin-transformed before ANOVA to correct for unequal variance and departures from normality. Chemical data were analyzed with the SPSS 10.1 software (SPSS, Chicago, IL). Pairs of means were compared with the paired-samples t test, and means of two groups were tested with the independent-samples t test. Multiple comparisons were made with oneway ANOVA and linear associations were examined by simple correlation analyses.
Results
Methyl jasmonate increases P. abies resistance to C. polonica
Forty-year-old P. abies trees that had been pretreated with MJ were much better protected against subsequent mass inoculation with C. polonica than untreated control trees ( Figure 1A) . Even the lowest concentrations of MJ (5 and 25 mM) caused a significant decline in fungal colonization of sapwood ( Figure  1B) , with blue-staining declining from 70% in untreated controls to 40% in trees pretreated with 5 mM MJ. Fungal staining was greatly attenuated at the higher concentrations of MJ, being 15% at 50 mM and less than 1% at 100 mM. Although MJ had less dramatic effects on cambium necrosis, the two highest MJ concentrations resulted in significant reductions in symptoms, with an 83% reduction in cambium necrosis in trees pretreated with100 mM MJ relative to control trees (Figure 1) . The six clones differed significantly in their responses to MJ treatment and fungal inoculation (blue-stained sapwood: F = 15.11, P < 0.0001; necrotic cambium: F = 6.85, P = 0.0004). Clone 63 showed no response to MJ treatment (100% bluestained sapwood and necrotic cambium at all concentrations, including the control), whereas Clone 85 responded even to the lowest MJ concentrations (Figure 2 , right panels). The other clones had intermediate responses. Data for Clone 63 were included in the statistical analyses but are not presented in Figure 1 .
Methyl jasmonate increases resin ducts, resin flow and terpene concentration of P. abies
To quantify the induced resin response of Norway spruce to MJ treatment, we measured traumatic resin duct formation and terpene accumulation in the sapwood and external resin flow on the bark surface. A dose-dependent response was observed in which trees treated with the highest concentration of MJ demonstrated massive increases in traumatic resin duct formation and external resin flow compared with trees from the control group, but lower MJ doses generally did not cause significant changes (Figure 3) . Compared with the control trees, trees treated with 100 mM MJ produced more than 25 times as many traumatic ducts, and the external resin flow on the trunk was more than 80 times higher (Figures 3 and 4) . There was a strong, positive correlation between these parameters (P < 0.0001, R 2 = 0.80). The total concentration of monoterpenes plus sesquiterpenes in trees treated with 100 mM MJ was 2.2 times higher than that of untreated controls ( Figure 3C ), but there were no significant differences among MJ treatments (F 4,29 = 2.19, P = 0.11). However, trees that survived mass-inoculation with C. polonica accumulated much higher monoterpene and sesquiterpene concentrations in response to MJ treatment than trees that were killed by the fungus. The increase in total monoterpene and sesquiterpene concentration during the first four weeks after MJ treatment was 3.47 mg g -1 in surviving trees compared with 0.36 mg g -1 in trees that were eventually killed (F = 4.36, P = 0.05). Treatment with MJ had no apparent effect on polyphenolic parenchyma (PP) cells. Although the three clones in which PP cells were analyzed (Clones 76, 80 and 85) generally responded strongly to MJ treatment, there were no significant differences between treatments in percent coverage of PP cells (F 4,29 = 1.35, P = 0.26) or in the size of stained bodies within them (F 4,29 = 1.67, P = 0.16).
Clonal variation in resin response to methyl jasmonate
Significant variation in resin response to MJ treatment was observed among the clones (Figure 2) . At one extreme, trees of Clone 63 showed little response to MJ treatment; there was no evidence of traumatic resin ducts, no changes in monoterpene and sesquiterpene concentrations, and fungal growth was not reduced compared with the untreated control. At the other extreme, Clones 76 and 80 showed the strongest induction of traumatic ducts and monoterpene and sesquiterpene concentrations, with a three-to fourfold increase in terpene concentration one month after MJ treatment. Clone 126 showed a similar pattern of response as Clones 76 and 80, but the increases in monoterpene and sesquiterpene concentrations were not as large. The other two clones had different response patterns. Clone 85 showed a two-to threefold increase in monoterpene and sesquiterpene concentrations in response to an MJ treatment concentration of 5 mM, but there was no significant change in terpene concentration at higher MJ concentrations. The increase in traumatic ducts and decline in fungal growth was also much more evident at 5 mM MJ in this clone than in the other clones. Clone 75 showed little change in terpene concentration after application of MJ, but the frequency of traumatic ducts increased.
Terpene composition was only slightly affected by MJ treatment and only in certain clones. All clones contained the same basic complement of monoterpenes and sesquiterpenes, but differed in the relative amounts of some of these substances. The most abundant constitutive monoterpenes in the stems of all clones were α-pinene and β-pinene. In Clones 63, 75, 76 and 80, β-pinene predominated over α-pinene, whereas in Clones 85 and 126 the reverse was true. Clones 85 and 126 were the only clones that showed slight compositional changes over the sampling period, but there was no effect of MJ treatment. For example, in the first and second samplings, trees of Clone 126 had higher amounts of α-pinene (40-43%) than of β-pinene (24-28%), but in the third sampling, higher amounts of β-pinene than α-pinene were observed (42-47% versus 26-29%). The most variable monoterpene was ∆-3-carene, the concentration of which varied from only 0.5-1% of the total monoterpene concentration in Clones 63 and 85 to relatively high amounts (14-30%) in Clones 75 and 80 in the September samples, representing up to 44% of the total monoterpene concentration. Gas chromatographic analysis using an enantioselective column indicated that several monoterpenes were present in both enantiomeric forms. (-)-β-Pinene and (-)-limonene always predominated over their corresponding antipodes, comprising 90-96% and 58-62%, respectively, of the enantiomeric mixture in each case. For α-pinene, the (+) enantiomer was the most abundant, representing 67-73% of the total α-pinene concentration. Stereochemical variation among trees and treatments was low for all compounds studied.
Methyl jasmonate increased monoterpenes, sesquiterpenes and diterpenes, but not phenolics
To obtain a clearer picture of the biochemical responses triggered by MJ treatment, we analyzed both terpenoids and phenolics in a single clone treated with 100 mM MJ. Of the major classes of compounds, both monoterpenes + sesquiterpenes and diterpenes increased about twofold at 35 days after MJ treatment compared with concentrations in control trees (t = 5.56, P = 0.031; Figure 5 ). No significant differences were observed 8 days after MJ treatment and there were no changes in phenolic compounds in either bark or wood at any time following application of MJ. An increase in the number of traumatic resin ducts was observed following MJ treatment, from zero at the time of treatment, to nine at Days 8 and 35. No traumatic resin ducts were observed in the control trees over the same period.
The main monoterpenes present were α-pinene, β-pinene, ; the concentrations on a dry mass basis are larger by a factor of about 2.5. Terpene response was measured at the end of May (just before MJ application), and at the end of June (four weeks after application of MJ, at the time of fungal inoculation). Traumatic resin ducts and blue-stained sapwood were each measured only once on samples collected at the end of June and in mid-October, respectively. Error bars = ± 1 SE.
limonene, 3-carene and β-phellandrene, which made up 82% of the total terpene fraction ( Table 1 ). The sesquiterpene fraction consisted mainly of longifolene and δ-cadinene, and the diterpene fraction comprised levopimaric acid, dehydroabietic acid and five other major compounds. However, there were few changes in terpene composition following MJ treatment, with β-pinene showing an increase from 16 to 21% at 35 days after treatment at the expense of α-pinene, which decreased from 57 to 48%. No changes were observed in the enantiomeric composition of any chiral terpenes. Six major phenolic compounds were identified in bark and wood samples. The stilbene glycosides, astringin and isorhapontin comprised more than 85% of the total soluble phenolics found in both xylem and bark, with smaller amounts of catechin and the stilbene glycosides piceatannol and piceid.
Discussion
There is increasing evidence that jasmonates are major regulators of plant defense metabolism in gymnosperms as well as angiosperms. The application of MJ to our mature P. abies trees induced many of the same complex chemical and anatomical defenses that are known to be activated by mechanical wounding, beetle attack or fungal inoculation , Nagy et al. 2000 , Krokene et al. 2003 . Within a month of MJ treatment, traumatic resin ducts were formed in the newly developing xylem (Figures 2  and 3A) , there was an increased accumulation of monoterpenes, sesquiterpenes and diterpenes in the sapwood (Figures 2, 3C and 5) and resin flow on the outer bark increased ( Figures 3B and 4) . The first two responses have been observed previously in 2-year-old P. abies saplings (Martin et al. 2002) . Given the generally accepted role of resin terpenes in conifer defense (Phillips and Croteau 1999) , application of exogenous MJ can be expected to increase the resistance of P. abies to attack by herbivores and pathogens.
The correlation of traumatic resin duct formation with an increased accumulation of terpenes following MJ treatment, suggests that the additional terpenes induced by MJ were synthesized de novo in the treated stem section rather than translocated from elsewhere in the tree. Numerous cytological, physiological and molecular biological studies of conifer spe-TREE PHYSIOLOGY ONLINE at http://heronpublishing.com METHYL JASMONATE INCREASES TERPENES AND RESISTANCE TO PATHOGENS 983 cies indicate that the terpenes secreted into developing resin ducts or resin blisters are newly formed in the surrounding epithelial cells (e.g., Lewinsohn et al. 1991a , Miller et al. 2005 . Once formed, terpenes can be translocated from their site of origin through the interconnected network of vertical and radial resin ducts in P. abies and other conifer species . This is probably the explanation for the extensive resin flow observed on the outer bark of MJ-treated trees compared with the outer bark of control trees ( Figures 3A  and 4) . Resin from newly formed traumatic ducts moves in radial ducts to the trunk surface. Once on the bark surface, it may serve as an initial barrier against pathogen and herbivore invasion.
In both the multiple (Figure 3 ) and single clone ( Figure 5 ) experiments, the terpene concentration of sapwood increased about twofold after application of 100 mM MJ. This increase was an order of magnitude less than that reported for monoterpenes and diterpenes in the sapwood of 2-year-old P. abies saplings following treatment with 10 mM MJ. However, in these saplings no resin flow was observed on the bark surface. The amount of resin flow induced in mature trees may be comparable to that induced in saplings when the bark resin is taken into account. However, the long sampling intervals in our study allowed losses to occur as a result of polymerization and evaporation, making it impossible to obtain accurate measurements of bark resin. The declines in sapwood monoterpene and sesquiterpene concentrations observed for many of the clones at the September sampling (data not shown) may also be attributed to outflow of resin from the traumatic ducts in the sapwood to the bark surface or other tissues. Alternative explanations for these declines, such as the volatilization of resin from internal tissues and catabolism of resin terpenes, are less likely (Gershenzon 1994) .
Methyl jasmonate treatment had no substantial effect on the terpene composition of P. abies resin (Table 1) . Similar results have been reported for Pinus species (Heijari et al. 2005) . In contrast, it has been shown that terpene composition is significantly altered by mechanical wounding, herbivory or pathogen infestation in other conifers, such as Abies grandis (D. Don ex Lamb.) Lindl. (Raffa and Berryman 1987) . The terpene composition of species of the genera Picea and Pinus may be less responsive to environmental stimuli than those of Abies because Picea and Pinus species have larger standing pools of resin stored in constitutive ducts, whereas Abies species produce resin in blisters after induction (Lewinsohn et al. 1991a (Lewinsohn et al. , 1991b . Most previous studies of P. abies and other Picea species showed little change in terpene composition following insect or pathogen attack (Lindberg et al. 1992 , Martin et al. 2002 , Miller et al. 2005 although exceptions have been reported (Baier et al. 2002) .
The terpene composition of the resin from mature P. abies stems measured in this study is consistent in general with earlier reports on the dominance of α-pinene and β-pinene, and the great variability of ∆-3-carene among individuals (Persson et al. 1996 , Sjödin et al. 2000 , Silvestrini et al. 2004 . The enantiomeric composition of the monoterpene olefins α-pinene, β-pinene and limonene was also consistent in general with previous work (Persson et al. 1996 , Sjodin et al. 2000 , Silvestrini et al. 2004 ) except for the ratio of (+) and (-)-α-pinene, the concentration of which is much higher than published values. The composition of the diterpene resin acids found in this study, with levopimaric acid as the most abundant compound, was similar to that reported earlier (Lindberg et al. 1992 , Martin et al. 2002 , Sallas et al. 2003 .
In contrast to the results obtained with terpenes, application of MJ had no effects on the amounts of soluble phenolic compounds in our study. In P. abies, phenolics are reported to be produced in a certain cell type found in the secondary phloem and referred to as PP cells (Franceschi et al. 1998 , Nagy et al. 2000 ). This conclusion is based on the intense fluorescence of these cells when exposed to light of 450-490 nm , their strong staining with the periodic acid-Schiff procedure and the presence of phenylalanine ammonia lyase (PAL) in the PP cells as determined by immunological methods (Franceschi et al. 1998) . Upon wounding or fungal infection, the PP cells increase in size with a strong increase in periodic acid-Schiff's staining, and the phenolic material appears to be released to the walls of surrounding cells , Krokene et al. 2003 , Krekling et al. 2004 ). However, in our experiments, MJ caused no changes in PP cell anatomy and had no significant influence on phenolic concentration. The concentrations of phenolics in P. abies are known to vary according to age, season, provenance and site (Toscano-Underwood and Pearce 1991a , Lindberg et al. 1992 . The stilbene glycoside composition found in this study is in agreement with those previously described for P.abies (Viiri et al. 2001 , Lindberg et al. 1992 . Stilbene aglycones (resveratrol, astringenin and isorhapontigenin) were also found in P.abies bark (Viiri et al. 2001 , Evensen et al. 2000 ), but were not detected in our study or an earlier one (Brignolas et al. 1998) , suggesting that they are highly variable or that different methods of sample preparation and analysis might influence their detectability. In the multiple-clone experiment, the mean terpene concentration of the sapwood increased significantly after MJ treatment across all clones (Figure 3 ), but this conclusion obscures the extensive variation among clones. Both the dose of MJ necessary to trigger increased terpene accumulation and the speed of the response varied among the clones studied (Figure 2) . These variations may reflect genuine differences in MJ sensing or signaling systems among the clones or may result from differences in the ability of MJ to penetrate the bark. Differences in lenticel size and abundance are known among P. abies lines and the degree of opening of the lenticels depends on phenology Kartusch 2003) . If lenticels represent a primary route for absorption through the bark surface, such differences may lead to altered sensitivity to MJ.
Methyl jasmonate treatment not only increased terpene concentration and resin flow, but also increased resistance to the fungus C. polonica. The growth of this blue-staining fungus into the sapwood and the necrosis of the cambium caused by fungal invasion were both significantly reduced by application of MJ (Figure 1) . In previous investigations of P. abies, similar reductions of C. polonica infestation were achieved by pre-inoculation with a sublethal dose of C. polonica (Krokene et al. , 2001 (Krokene et al. , 2003 , a treatment that may also have acted by increasing the terpene concentration. In our study, the correlation between terpene concentration and fungal resistance was especially striking when one compares the different clonal lines investigated. The five clones that showed a significant increase in terpene concentration after MJ application also showed significant declines in fungal growth, whereas Clone 63 showed no increase in terpene concentration and at the same time was highly susceptible to fungal invasion (Figure 2) . The correlation between terpene concentration and fungal resistance is also strengthened by data showing that trees that survived the C. polonica inoculation had much higher terpene concentrations than trees killed by the fungus.
The increase in terpene concentration following MJ application was measured after four weeks in the multiple-clone experiment ( Figure 3 ) and after 35 days in the single-clone experiment ( Figure 5 ). Correspondingly, P. abies trees were resistant to C. polonica inoculation carried out 4 weeks after application of MJ (Figure 1 ). However, under natural conditions when C. polonica is inoculated during an actual bark beetle attack, the pace of events is usually much faster. Bark beetles, such as Ips typographus, can mass-attack and successfully colonize mature P. abies within a week . In such cases, the increase in terpene concentration arising from traumatic duct formation after initial invasion would seem to be too slow to have defensive value, unless beetle attack is interrupted by adverse flight conditions, which may frequently occur under summer conditions in Scandinavia (Krokene et al. 2003) .
The induction of terpene formation by MJ is strongly suggestive, but does not prove its role in P. abies defense. The association of increased terpene accumulation and resistance to C. polonica could be just a spurious correlation because MJ triggers a variety of induced defenses at least in angiosperms (Beale and Ward 1998) . It is possible that another MJ-induced defense in P. abies besides terpenes may be responsible for resistance to C. polonica. To prove the role of terpene resins in P. abies defense, experiments must be carried out to establish the specificity of MJ for terpene defenses in this species, or the terpene concentration must be manipulated independently of other factors and the plants tested with pathogens and herbivores.
